Pausing by reverse transcriptase (RT) during retroviral replication increases the frequency of homologous strand transfer, nucleotide misincorporation, and non-templated nucleotide addition. Pausing frequency increases at sites of DNA damage or upon incorporation of nucleotide analogs with steric barriers. These lesions thus likely stimulate mutations leading to resistant viral strains that escape drug treatments or immune surveillance. To study the response of retroviral RTs to bulky 2' adducts, a ribozyme-catalyzed reaction was used to generate an RNA template strand containing a thiophosphate adduct at a specific 2'-hydroxyl located upstream from a polyadenosine sequence. Subsequent alkylation increased the size of the adduct. Polymerization readthrough efficiencies were compared for mature RTs derived from HIV-1 (p66/p51), AMV (p95/ p63), MMLV (p80 monomer), and a truncated version of HIV-1 RT lacking the RNase H domain (p51/p51 homodimer). Readthrough at the 2' lesion was markedly greater for the p51/p51 homodimer of HIV-1 RT than for the other enzymes, suggesting that the presence of the RNase H domain increases the probability that the modified primer/ template will encounter a barrier to translocation. Comparison to published structures suggests potential unfavorable interactions between the 2' adduct and W24, F61, I63, D76 and R78 in the fingers domain of the RT. We propose that the enhanced readthrough observed upon RNase H domain deletion alters the trajectory of the primer/template in this region that diminishes steric and electrostatic clash with these residues. The template also included a penta-adenosine sequence that induced pausing in the order MMLV > HIV-1 (p66/p51) > AMV ≈ HIV-1 (p51/p51).
ABsTrAcT
Pausing by reverse transcriptase (RT) during retroviral replication increases the frequency of homologous strand transfer, nucleotide misincorporation, and non-templated nucleotide addition. Pausing frequency increases at sites of DNA damage or upon incorporation of nucleotide analogs with steric barriers. These lesions thus likely stimulate mutations leading to resistant viral strains that escape drug treatments or immune surveillance. To study the response of retroviral RTs to bulky 2' adducts, a ribozyme-catalyzed reaction was used to generate an RNA template strand containing a thiophosphate adduct at a specific 2'-hydroxyl located upstream from a polyadenosine sequence. Subsequent alkylation increased the size of the adduct. Polymerization readthrough efficiencies were compared for mature RTs derived from HIV-1 (p66/p51), AMV (p95/ p63), MMLV (p80 monomer), and a truncated version of HIV-1 RT lacking the RNase H domain (p51/p51 homodimer). Readthrough at the 2' lesion was markedly greater for the p51/p51 homodimer of HIV-1 RT than for the other enzymes, suggesting that the presence of the RNase H domain increases the probability that the modified primer/ template will encounter a barrier to translocation. Comparison to published structures suggests potential unfavorable interactions between the 2' adduct and W24, F61, I63, D76 and R78 in the fingers domain of the RT. We propose that the enhanced readthrough observed upon RNase H domain deletion alters the trajectory of the primer/template in this region that diminishes steric and electrostatic clash with these residues. The template also included a penta-adenosine sequence that induced pausing in the order MMLV > HIV-1 (p66/p51) > AMV ≈ HIV-1 (p51/p51).
iNTroDucTioN
Reverse transcriptase (RT) must coordinate RNA-and DNA-dependent DNA polymerization and an associated RNase H activity to convert retroviral RNA genomes into dsDNA prior to integration into the host cell genome. For the human immunodeficiency virus type 1 (HIV-1), the process of reverse transcription is initiated by an encapsidated cellular tRNA Lys3 that is complimentary to 18 nucleotides of the primer binding site (PBS) adjacent to the 5' long terminal repeat (LTR) of the HIV-1 genome. Initiation is followed by minus-strand DNA synthesis and degradation of the RNA/DNA-hybridized viral genome. RT pausing or premature termination (herein referred to collectively as "pausing") during this phase can facilitate the first intra-or intermolecular strand transfer by an acceptor invasion mechanism between homologous repeated sequences at the 5' and 3' ends of the viral RNA genome. [1] [2] [3] Following completion of minus strand synthesis, plus-strand synthesis is initiated at polypurine tracts and continues until a methylated adenosine is encountered 19 nucleotides from the tRNA Lys3 3' terminus. 4 Removal of the tRNA Lys3 primer by RNase H cleavage then allows a predominantly intramolecular strand transfer between the PBS regions to give a circular intermediate that serves as template for full-length genome production.
In addition to its enzymatic role in removing RNA from RNA/DNA hybrids, the RNase H domain stabilizes the enzyme/primer/template complex. Mutations within the RNase H "primer grip" 5 negatively affect RT affinity for RNA-DNA hybrids and diminish both RNase H and DNA polymerization activities. [6] [7] [8] [9] Additional interactions are mediated through divalent metal ion coordination at a highly conserved catalyticcarboxylate triad and other participating residues. 10 These acidic residues are essential for template hydrolysis, and they contribute to the overall integrity of the domain's structure through possible electrostatic interactions, backbone hydrogen bonding, and salt bridge formation. 11 independent, allowing the separation of catalytic activities that can operate either coordinately ("polymerization-dependent" RNase H) or separately ("polymerization-independent" RNase H). Point mutations that inactivate the RNase H domain did not alter HIV-1 RT processivity on an HIV-1 gag DNA template but did increase pausing at a site within a stem-loop structure; 14 however, neither point mutations nor deletion of the RNase H domain drastically interfere with polymerase activity in equine infectious anemia virus (EIAV), HIV-1, and Moloney murine leukemia virus (MMLV) RTs. [15] [16] [17] [18] Contacts between the HIV-1 RNase H domain and the primer/template have also been revealed by cross-linking studies. 19 Deletion of the MMLV or EIAV RNase H domain does not appear to have a profound effect on the polymerase active site geometry, although specific activity and processive DNA synthesis are severely compromised. [16] [17] [18] 20 For the EIAV RT, deletion of the RNase H domain increased the Kd by 10-to 28-fold and the dissociation off rate (k -1 ) by 14-to 17.4-fold, illustrating the domain's importance for stably binding and positioning the primer/template. 18 For most polymerases, pausing and premature termination increase dramatically at sites of lesions in the template strand and on non-ideal templates. For example, HIV-1 RT terminated prematurely on templates containing styrene oxide N2-guanine (minor groove) adducts, particularly for template strands with small 5'-overhangs. These results suggest that the loss of RT-nucleic acid contacts with the template 5'-overhang may destabilize the ternary complex and lead to pausing. 21, 22 Given the importance of the RNase H domain in positioning and stabilizing the primer/template, we speculated that pausing on non-ideal templates might be influenced by contacts within the RNase H domain. To this end, we measured readthrough and pausing on templates containing 2' adducts in primer extension reactions using intact and RNase H-deleted RTs from HIV-1, or using intact RTs from MMLV (p80 monomer) and from avian myoblastoma virus (AMV, p95/p63). The RNase H-deleted HIV-1 RT (p51/p51 homodimer) demonstrated a strikingly higher capacity for reading through bulky 2' adducts than did its holoenzyme counterpart (p66/p51) or the two non-lentiviral RTs. Increasing the size of the adduct via biotinylation increased pausing for each of the RTs, with the notable exception of HIV-1 p51/p51. We interpret these results in terms of a model in which steric clashes with specific amino acids in the p66 fingers domain increase the barrier to translocation associated with readthrough past the lesion, and in which deletion of the RNase H domain alters the trajectory of the primer/template in the vicinity of the polymerase active site making the DRNaseH enzyme less susceptible to pausing at these sites.
mATeriAls AND meTHoDs
Internally 2'-thiophosphorylated template strand. Ribozyme dCK11 was identified through in vitro selection as a self-thiophosphorylating RNA species following a strategy essentially identical to recently described methods. 23 In brief, a random-sequence RNA library was subjected to multiple cycles of selection and amplification. During each cycle, the RNA library was incubated with g-thio-ATP overnight. RNA molecules that transferred a thiophosphoryl group onto themselves were recovered using a polyacrylamide gel containing [(N-acryloylamino)phenyl] mercuric chloride (APM). 23, 24 Thiophosphorylated RNA purified from the APM was amplified for additional rounds of selection. Ribozyme dCK11 shares a common catalytic core with related ribozymes, 23 and it auto-thiophosphorylates the 2'-ribose of nucleotide G49. The sequence and secondary structural contexts of this guanosine are analogous to active site residue G10 S of ribozyme 2PTmin3.2. 23 The 125 nt dCK11 RNA template used in this report has the sequence 5'-ggacccua GGGAAAA GCGAAUCAUACACAAGAUUGCCAACCGUCCAGAG*AAAA AUCAAGUUGCCAUAGAUGAUAACUCUGGCAUUGUGCG CAUCUGGACCGGGGCAUAAGGUAUUUAAUUCCAUA-3', where the two underlined segments serve as binding sites for cDNA PrimerA and PrimerB, respectively, and the G49 modification site is indicated by an asterisk. The 74 nt size marker was generated by reverse transcription from PrimerA on a template lacking the 5'-terminal 8 nt (lower case).
Preparation of primer/template complexes carrying specific lesions. Internal 2'-thiophosphorylated RNA was generated by incubating Ribozyme dCK11 with g-thio-ATP for 20 hours at 37˚C in a reaction buffer containing 25 mM HEPES (pH 7.4), 200 mM KCl, 15 mM NaCl, 6 mM MgCl 2 , 500 mM MnCl 2 , 30 mM CaCl 2 and 10 mM CuCl 2 . After denaturing gel electrophoresis, gel slices containing thiophosphorylated RNA were soaked in 25 mM dithiothreitol (DTT) to disrupt the mercury-sulfur coordination and allow isolation of thiolated RNA. The 2'-thiphosphate was derivitized by incubating the modified RNA with EZ-Link ® PEO 2 -Iodoacetamidyl Biotin {(+)-Biotinyl-iodoacetamidyl-3,6-dioxaoctanediamine} (Pierce) as described. 25 Reactions were quenched by the addition of 25 mM DTT followed by ethanol precipitation in the presence of glycogen. Thiolated and biotinylated templates were gel purified from APM gels with thiophosphorylated material being retained at the APM interface and biotinylated RNA passing through the APM layer. Purified RNA was passed over a desalting column (Microcon YM-30) to remove excess reagents at each step of the derivitization process and to eliminate residual DTT.
Primer extension assays. Primer extension reactions were performed using either AMV, MMLV, HIV-1 p66/p51 or HIV-1 p51/p51 RT. A ratio of 1:1.2 primer/template was maintained to ensure complete annealing of primer. Final duplex concentration was 500 nM in the cross-enzyme comparisons (Fig. 2 ) in order to produce multiple-turnover conditions; lower concentration of duplex was used in Figure 1 to demonstrate that template modification had gone to completion. Primer strand radiolabeled on its 5' end was pre-annealed with template by heating both together at 80˚C for 3 minutes in 50 mM Tris (pH 8.0). Potassium acetate was included at 40, 60 or 80 mM for reactions using MMLV, AMV or HIV-1 RTs, respectively, to match conditions used previously; 16, 26 however, polymerase activity was not altered for any of the RTs over this concentration range (data not shown). After slow cooling for five minutes to 4˚C, concentrated buffer was added to the reaction mixture to yield final concentrations of 10 mM DTT, 6 mM MgCl 2 and 375 mM each dNTP. Samples were pre-equilibrated at 37˚C prior to the addition of 0.1 U/mL AMV RT (Promega), 2 U/mL MMLV (Invitrogen) or 375 nM HIV-1 RTs (gift from S. LeGrice). For the AMV, MMLV and heterodimeric HIV-1 (p66/p51) RTs, enzyme concentrations were adjusted to give equivalent activities in pilot reactions on unmodified template. The homodimeric HIV-1 (p51/p51) RT required longer incubation periods (4 hr compared to 1 hr) to achieve the same net synthesis activity due to its decreased polymerase activity.
Aliquots were quenched with an equal volume of deionized stop buffer containing 94% formamide, 30 mM EDTA and 0.01% bromophenol blue. Primer extension products were separated by 15% denaturing polyacrylamide gel electrophoresis after heating to 80˚C for 10 minutes in stop buffer prior to loading. ImageQuant of template dCK11 on MMLV RT pausing using PrimerB, which anneals near the 3' end of the template strand. Experimental conditions were similar to those described previously, 26 but included a long incubation period to favor readthrough at the template adduct. Pausing was clearly increased in the reactions utilizing the modified templates compared to the unmodified control (Fig.  1C) . Additional pausing with the unmodified control was evident at nearby sites due to pausing at sequence and secondary structural elements. Conjugation of the biotin moiety to the 2'-thiophosphoryl group strongly suppressed MMLV readthrough at the proximal pause site (Fig. 1C) . These experiments confirmed the utility of the ribozyme template in generating an obstacle to translesion polymerization that increases RT pausing at a defined site.
Enzyme specificity of efficient 2' adduct readthrough. Enzymatic readthrough by AMV, MMLV, HIV-1 p66/p51 and HIV-1 p51/p51 RTs was compared using the bulky 2'-adducted dCK11 template (Fig.  2) . PrimerA is located closer to the site of the lesion and was used to map more precisely the 3' termini of partially extended products. For the 2'-thiophosphorylated template, a cluster of new bands is evident for the AMV and MMLV RT-catalyzed reactions. The 3' termini of the primary partial extension products are located at positions +7 and +8 relative to the primer. Because the 2'-thiophosphoryl modification is at +10 relative to the primer, the pause is occurring well ahead of the location of the blockage. When extension was carried out on a template carrying the larger biotin lesion, the pause for the reaction www.landesbioscience.com
RNA Biology 165
RNase H affects HIV-1 RT Pausing at Bulky Adducts software from Molecular Dynamics was used to quantify reaction products. The fraction of a given sample exhibiting readthrough at a given site (P i ) under these conditions was determined by calculating the fraction of radioactivity at that position (F i ) divided by the sum of all signal extended beyond that position (F k ): P i = F i / ∑F k .
resulTs

2'-adducted templates.
To investigate RT readthrough of bulky 2' adducts, we utilized an unmodified RNA template and two modified templates with progressively larger obstacles to polymerization. A ribozyme with autokinase activity (designated "dCK11") was incubated with g-thio-ATP to yield a species with a 2'-thiophosphoryl adduct on G49 (Fig. 1A) . RNA molecules containing the thiophosphate were immobilized at the APM interface through coordination of the free sulfhydryl group with the mercury in the APM layer of an organomercurial polyacrylamide gel 23, 24 (Fig. 1B, lane 2) , while the unmodified RNA passes through the APM layer (Fig. 1B, lane 1) . Further derivitization of the 2' adduct by addition of a bulky biotin group prevented the sulfhydryl from interacting with the APM layer, allowing it to migrate just above the unmodified RNA (Fig. 1B, lane  3) . These three templates were used in subsequent assays to access RT readthrough.
Effects of 2' adducts on MMLV RT pausing. Primer extension reactions were used to examine the effects of the 2'-modifications catalyzed by AMV RT became visibly more intense, while the pause for the reaction catalyzed by MMLV RT shifted one position earlier to a doublet at +6 and +7 relative to the primer. These results differ slightly from previous observations that AMV and MMLV RT pausing at a 2'-thiophosphate adduct occurred one nucleotide before or across from the template modification site (sites +9 and +10 in our nomenclature); 26 these differences may be due in part to the polyadenosine sequence located 3' to the modification site in the dCK11 template. The lesion-induced pause is less evident for reactions catalyzed by the HIV-1 heterodimer because of the high background of pausing associated with the unmodified template, but the pause is clearly evident upon careful quantification (below). In most reactions, the intensity of the paused product does not diminish with time, although the amount of full-length product does increase with time. We therefore conclude that the nearly constant band intensity at the pause site represents a steady state accumulation of partially extended intermediates that then chase into full-length products.
Time course of translesion readthrough. The probability of observing a pause at the dinucleotide pairs noted above can be calculated explicitly by dividing the combined signal observed at these two positions by the sum of all signal at and above these positions. This analysis was performed for each enzyme as a function of time for the unmodified, 2'-thiophosphorylated and 2'-biotinylated templates (Fig. 3) . For the unmodified template, MMLV and AMV RTs synthesized fulllength cDNA product more efficiently than the HIV-1 RTs, and the probability of observing a pause is low for these RTs. For the 2'-thiophosphorylated templates, AMV and MMLV RTs show substantially greater pausing than either of the HIV-1 RTs, and the pausing probability for both the AMV and MMLV RTs is increased on the 2'-biotinylated template. In contrast, only a small increase in pausing was observed for the HIV-1 p66/p51 RT on the 2'-thiophosphorylated template relative to the unmodified template, with a further small increase on the 2'-biotinylated template. Polymerization by HIV-1 p51/p51 RT was essentially unaffected by 2'-thiophosphorylation or 2'-biotinylation, showing only a marginal effect of pausing probability at the shortest time points, and essentially no difference at the longest times. Translesion synthesis by the three holo-RTs is therefore impaired by both classes of bulky 2' adducts, particularly at the larger adduct, while the RNase H-deleted, HIV-1 p51/p51 homodimeric RT is not greatly affected by these lesions. Consistent with this interpretation, the 2'-modifications decreased the amount of PCR-amplifiable product when AMV, MMLV, or HIV p66/p51 RT was used in generating the cDNA, but did not decrease PCR product obtained when HIV-1 p51/p51 RT was used (data not shown). Enzyme-specific differences in intrinsic pausing at a pentaadenosine site. The dCK11 ribozyme used as template in this study is very similar in sequence and secondary structure to ribozyme 2PT3.1, 23 which has a sequence requirement for a purine at the modification site, flanked on its 3' side by several adenosines. The unmodified dCK11 template has a penta-adenosine (A 5 ) sequence immediately 3' to the thiophosphorylation site at G49 in the template sequence. These nucleotides are indispensable for autocatalysis by the ribozyme, precluding evaluation of the bulky 2' adducts in other sequence contexts. The A 5 sequence created an intrinsic pause site for each of the enzymes. For the MMLV reactions, this pause is especially evident at the earliest time points, starting at positions +10 and +11 relative to the primer immediately after the poly-purine segment has passed through the polymerase active site, and it is less intense at later times (Fig. 3) . For the reactions catalyzed by AMV RT, a pause at the same position is weakly visible on long exposures and at later times in the reaction. Polymerization by both HIV-1 p66/p51 and p51/p51 RT yielded pauses at the +7 and +8 positions relative to the primer, in addition to weaker products at the +12 and +13 positions, without significant difference between the two HIV enzymes.
DiscussioN
Our results suggest that RTs from various retroviruses can detect certain kinds of covalent damage to an RNA template and result in pausing or premature termination. Interruptions of polymerization by bulky adducts is likely to increase the frequency of strand transfer and recombination between the two encapsidated RNA genomes. The reverse transcriptase holoenzymes from AMV, MMLV and HIV-1 all exhibited pausing on templates carrying one of two bulky 2' adducts. In each case the pausing occurs before the adduct enters the polymerization active site. Pausing likely results from a barrier to translocation arising from unfavorable interactions between the adduct and specific amino acids within the RTs at a time when the modified nucleotide is within the unpaired 5'-overhang. Crystallographic and structure/function analyses have demonstrated that the trajectory of the 5'-overhanging template strand passes near several amino acids in the fingers domain, notably W24, F61 and I63. [27] [28] [29] [30] [31] [32] [33] [34] [35] Preliminary insight into the structural basis of the pausing observed here can be inferred by examining two crystal structures of HIV-1 RT complexes containing double-stranded DNA that possesses an unpaired 5' extension, with the caveats that the template strands in both structures are DNA rather than RNA, and that the 5' extensions in the template strand contain a high B-factor that suggests conformational flexibility. Both structures show close approach of residues W24, F61, D76 and R78 to the 2' carbon of the deoxyribose on the first unpaired nucleotide in the 5'-overhang. A bulky 2' adduct at this position is expected to clash sterically with several or all four of these amino acids, and the negative charge on the thiophosphate is expected to clash electrostatically with D76 (Fig. 4) . If the primer-template encounters a barrier to translocating into this position, synthesis would pause or terminate two nucleotides prior to inserting a dC across from the modified guanosine, corresponding to a 3' terminus at position +8 relative to the original 3' end of the primer. The 2' carbon of the deoxyribose on the second unpaired nucleotide in the 5'-overhang makes a close approach to I63 in both structures. Blocking the template strand from translocating to this position would lead to a pause at position +7 relative to the original 5' end of the primer. The major pauses observed at positions +7 and +8 in this study may therefore result from the combined effects of these unfavorable interactions.
In contrast to the holoenzymes, the RNase H-deleted RT (p51/p51 homodimer) was significantly less affected by the 2' adduct. Although there is no high-resolution structure of the p51/p51 homodimer, the structural domains that interact with the 5' overhang are identical to those in the p66/p51 heterodimer. We propose that deletion of the RNase H domain may allow the primer-template to reposition so as to avoid steric clash with the enzyme, thereby resulting in the relative insensitivity of the homodimer to the 2' adducts. This model is consistent with several recent works that suggest a functional link between the regions of the protein near the polymerase active site and those near the RNase H domain. Mutations in the RNase H domain Figure 4 . Amino acids in the vicinity of the unpaired 5'-overhang, based on structure 1T05. 53 Top structure shows primer-template duplex and 5' overhang, with fingers (F) and thumb (T) domains indicated. Bottom structure shows vicinity of clash with 2' bulky adduct. Green, template strand; cyan, first unpaired nucleotide; yellow, primer strand; orange, incoming nucleotide (tenofovir diphosphate); purple, active site Asp residues. Amino acids that make closest approach to 2' carbons on the face that is vicinal to the 3' phosphate are W24 (orange), F61 (yellow), D76 (red), and R78 (cyan). I63 (white) makes a close approach to the 2' carbon of the second unpaired nucleotide. The 2' carbons on the template strand are circled.
have been shown to contribute to resistance to nucleoside analog RT inhibitor (NRTI) drugs in clinically-derived samples, 36 and mutations to F61 in the fingers domain have been shown to induce defects in RNase H function. 35 These observations establish that altered interactions near either active site (polymerase or RNase H) can alter the trajectory of the bound duplex so as to affect its interaction with the other active site.
We also observe substantial pausing at a penta-adenosine tract, especially using the two HIV-1 RTs. Unlike the pause associated with the 2' covalent adduction, pausing at the penta-adenosine site occurs after the polymerase has read through this site. Polymerization by reverse transcriptases is known to stall or to terminate prematurely at secondary structural elements and at polyadenosine tracts and other homopolymers, and has been proposed to contribute to viral strand transfer and recombination. 1,2,37-43 Secondary structures can stimulate strand transfer by initiating the pause. The mechanism for pausing at poly-adenosine is not firmly established, although it is possible that the intrinsic bend associated with poly-A runs in double-stranded DNA is improperly oriented to allow the ≈40˚ bend 28, 44 that is known to be associated with DNA bound to RT. The HIV-1 genome is enriched in adenosine (≈35%), with 14 occurrences of A 6 , 36 occurrences of A 5 , and 99 occurrences of A 4 in the sequence of strain HXB2 (total 149 unique, non-overlapping sites). 45 Thus, there are many sites where pausing at poly-adenosine tracts could contribute to recombination, providing a means to introduce diversity into the viral population and contribute to the evolution of more pathogenic virus. 39, [46] [47] [48] [49] Finally, a new class of NRTI's has recently been described in which the incoming nucleotide triphosphate carries a bulky substituent, such as a cyclopropyl or an ethynyl group, protruding from its deoxyribose 4' carbon. Although the analogs carry a 3' hydroxyl and allow polymerization to continue, chain synthesis terminates several nucleotides after incorporating the analog, apparently because the 4' substituent creates a barrier to translocation. 50, 51 The lesion is far removed from the active site by the time the translocation barrier is encountered, preventing resistance via nucleotide excision. Although these analogs were not evaluated in the present study, the parallels with the translocation barriers described in the present work raise the possibility that the effectiveness of delayed chain terminators could be modulated via mutations in the fingers or RNase H domain that alter the trajectory of the bound primer-template in the vicinity of the steric block.
